enhancement of peripheral chemoreflex sensitivity contributes to sympathetic hyperactivity in chronic heart failure (CHF) rabbits. The enhanced chemoreflex function in CHF involves augmented carotid body (CB) chemoreceptor activity via upregulation of the angiotensin II (ANG II) type 1 (AT1)-receptor pathway and downregulation of the neuronal nitric oxide synthase (nNOS)-nitric oxide (NO) pathway in the CB. Here we investigated whether exercise training (EXT) normalizes the enhanced peripheral chemoreflex function in CHF rabbits and possible mechanisms mediating this effect. EXT partially, but not fully, normalized the exaggerated baseline renal sympathetic nerve activity (RSNA) and the response of RSNA to hypoxia in CHF rabbits. EXT also decreased the baseline CB nerve single-fiber discharge (4.9 Ϯ 0.4 vs. 7.7 Ϯ 0.4 imp/s at PO2 ϭ 103 Ϯ 2.3 Torr) and the response to hypoxia (20.6 Ϯ 1.1 vs. 36.3 Ϯ 1.3 imp/s at PO2 ϭ 41 Ϯ 2.2 Torr) from CB chemoreceptors in CHF rabbits, which could be reversed by treatment of the CB with ANG II or a nNOS inhibitor. Our results also showed that NO concentration and protein expression of nNOS were increased in the CBs from EXT ϩ CHF rabbits, compared with that in CHF rabbits. On the other hand, elevated ANG II concentration and AT1-receptor overexpression of the CBs in CHF state were blunted by EXT. These results indicate that EXT normalizes the CB chemoreflex in CHF by preventing an increase in afferent CB chemoreceptor activity. EXT reverses the alterations in the nNOS-NO and ANG II-AT 1-receptor pathways in the CB responsible for chemoreceptor sensitization in CHF.
PROFOUND SYMPATHOHUMORAL ACTIVATION is characteristic of all types of chronic heart failure (CHF) (10, 13, 46) . Initially, activation of the sympathetic nerve system is beneficial as a protective mechanism to maintain arterial blood pressure when cardiac output falls due to the ventricular dysfunction. However, the sympathetic nervous system can be a two-edged sword. The progressive and sustained increase of sympathetic nerve activation contributes to deterioration of cardiac function and eventual mortality of CHF (10) . The peripheral chemoreflex is an excitatory reflex that increases sympathetic outflow and blood pressure (27) . Studies from our laboratory have shown that peripheral chemoreflex sensitivity is enhanced in rabbits with pacing-induced CHF (21, 22, 25, 43 ). An augmented afferent input from carotid body (CB) chemoreceptors is involved in the enhancement of peripheral chemoreflex function in CHF rabbits (22, 25, 44) . In addition, our laboratory's previous studies have shown that elevation of angiotensin II (ANG II) with upregulation of ANG II type 1 (AT 1 ) receptors and suppression of neuronal nitric oxide synthase (nNOS) with nitric oxide (NO) depletion in the CB contribute to the enhanced CB chemoreceptor sensitivity in the CHF state (22, 25, 44) .
Exercise training or "conditioning" (EXT) is increasingly recognized as a beneficial treatment to enhance functional capacity and quality of life in patients with CHF, in addition to the standard pharmacological interventions, such as ␤-adrenergic blockers and angiotensin-converting enzyme inhibitors/receptor blockers (1, 8, 29, 36) . Although the mechanisms by which EXT is beneficial to CHF patients are still unclear, EXT can increase cardiac vagal tone and reduce sympathetic outflow in CHF patients (9, 19) . A recent study has reported that EXT reduces renal sympathetic nerve activity (RSNA) in rabbits with CHF (26) , and our laboratory has shown that EXT normalizes peripheral chemoreflex function in CHF rabbits (39) . Here, we investigated whether EXT normalizes peripheral chemoreflex sensitivity and CB chemoreceptor function in CHF rabbits. We further examined CB ANG II and NO concentrations, expression of AT 1 receptor and nNOS in the CB, and the role of nNOS and ANG II on EXT effects on CB chemoreceptor activity.
METHODS
Pacemaker implant and production of CHF. All experiments were carried out on male New Zealand White rabbits weighing 2.5-3.5 kg. Experiments were approved by the University of Nebraska Medical Center Institutional Animal Care and Use Committee and were carried out in accordance with the National Institutes of Health (NIH Publication no. 85-23, revised 1996) and the American Physiological Society's Guide for the Care and Use of Laboratory Animals. Rabbits were assigned to sham-operated and CHF groups. They were housed in individual cages under controlled temperature and humidity and a 12:12-h dark-light cycle, and fed standard rabbit chow with water available ad libitum.
Rabbits were anesthetized with a cocktail consisting of 1.2 mg acepromazine, 5.9 mg xylazine, and 58.8 mg ketamine, given as an intramuscular injection. Using sterile technique, a left thoracotomy was performed, as previously described (43) . Briefly, a pin electrode was attached to the left ventricle, and a ground electrode was secured to the left atrium for pacing. All wires were tunneled beneath the skin and exited in the midscapular area. The chest was closed. Rabbits were placed on an antibiotic regimen consisting of 5 mg/kg im Baytril for 5 days. After 2 wk, the pacing was started at 340 beats/min, held for 7 days, and then the rate was gradually increased to 380 beats/min, with an increment of 20 beats/min each week. The progression of CHF was monitored by weekly echocardiograms (Acuson Sequoia 512C with a 4 MHz probe) with the pacemaker turned off for at least 30 min before the recordings were started. Sham-operated animals underwent a similar period of echocardiographic measurements. CHF was characterized by a Ͼ40% reduction in ejection fraction and fraction of shortening (FS), and dilation of the left ventricle in both systole and diastole.
EXT protocol. Rabbits were exercised on a motor-driven treadmill for a total of 30 -40 min/day, 6 days/wk, for a total period of 4 or 5 wk. A warm-up period of 5 min at 5 m/min was followed by peak EXT (15-18 m/min) for 30 min, which was followed by a cool down of an additional 5 min at 5 m/min, whenever possible. Rabbits were started on their EXT protocol 1 wk before initiation of pacing to acquaint them with the treadmill and the EXT protocol. The pacemaker remained on during the EXT. Sedentary (SED) rabbits were placed on the treadmill with the same protocol, but not exercised.
Citrate synthase activity assay. Citrate synthase (CS) activity in the soleus muscle was measured as a biochemical marker of the extent of EXT (3). Rabbits were euthanized at the end of the study, and both soleus muscles were taken, frozen at Ϫ80°C, and stored until processed. CS activity was measured spectrophotometrically at 412 nm from whole muscle homogenates, as previously described (40) . The activity was expressed as micromoles of substrate used per minute per gram wet weight.
RSNA. RSNA recording electrodes were implanted as described previously (43) . In all rabbits, 3 days before the experiments, a pair of electrodes was implanted on the left renal sympathetic nerves, and a ground electrode was sutured to the perirenal fat. At that time, arterial-venous catheters were inserted into the right carotid artery and jugular vein. RSNA recording was performed 3 days after surgery.
Changes of RSNA in response to the stimulation of peripheral chemoreceptors were measured in sham and CHF rabbits in the conscious state, as described previously (43) . As in our previous studies, the pacemaker was turned off for at least 30 -45 min before experimental procedures. RSNA were expressed as %maximum, and maximal RSNA was determined in each rabbit by an intravenous bolus injection of sodium nitroprusside (100 g/kg) (26) . Peripheral chemoreceptors were stimulated preferentially by allowing the rabbits to breathe graded mixtures of hypoxic gas (3-5 min) under isocapnic conditions. Because hypoxic stimulation of ventilation induces hyperventilatory hypocapnia, 2-4% CO 2 was added to the hypoxic gases to maintain relatively constant arterial PCO2 (PaCO 2 ) during hyperventilation (43) . arterial PO2 (PaO 2 ), PaCO 2 , and pH of arterial blood were measured (Supplemental Table 1 ; the online version of this article contains supplemental data) by a blood-gas analyzer (ABL5, Radiometer, Copenhagen, Denmark).
Peripheral chemoreflex function curves were fitted to the equation: RSNA ϭ a ϩ b/(PaO 2 Ϫ c) using SigmaPlot software (43) . The parameter b is the slope coefficient and was used to compare the peripheral chemoreflex sensitivity among the groups.
CB chemoreceptor fiber activity. Single-unit action potentials were recorded from CB chemoreceptor fibers in the carotid sinus nerve (CSN), as our laboratory has described previously (44) . Briefly, the left or right carotid sinus region was vascularly isolated and perfused with Krebs-Henseleit solution (in mM: 120 NaCl, 4.8 KCl, 2.0 CaCl2, 2.5 MgSO4, 1.2 KH2PO4, 25 NaHCO3, and 5.5 glucose; 10 ml/min, temperature 37°C). Perfusate was bubbled with O2/CO2/N2 gas mixture to maintain PO2 at 100 -110 Torr, PCO2 at 30 -35 Torr, and pH at 7.35-7.45 as the normoxic condition. PO2, PCO2, and pH of the buffer solution perfusing the carotid sinuses were measured by gas-and ion-selective electrodes with 1201 chemical microsensor (Diamond General, Ann Arbor, MI). Flow through the isolated sinus was set at 10 ml/min at a perfusion pressure of 80 mmHg via a screw clamp on the effluent line, which was adjusted throughout the experiments to keep flow and pressure constant.
Autonomic innervation to the carotid sinus region was eliminated by stripping all visible neural connections among the carotid sinus, the superior cervical, and nodose ganglia. The CSN was exposed and transected near the petrosal ganglion to interrupt neural efferents to the CB.
The CSN was covered with mineral oil, and fine slips of nerve filaments were placed on a silver electrode. Impulses were amplified with a bandwidth of 100 Hz to 3 kHz (Grass P511, Grass Instrument, Quincy, MA), displayed on an oscilloscope (2120 Oscilloscope, BK Precision), and fed into a rate meter (FHC, Brunswick, ME) whose window discriminators were set to accept potentials of the particular amplitude. Impulses were counted by the rate meter in 1-s bins. The action potential and rate meter signals [discharge frequency (DF)] were fed into an analog-to-digital converter (ADInstruments, Colorado Springs, CO) attached to a computer. Bundles that had one, or at most two, easily distinguishable active fibers were used. Chemoreceptor afferents were identified by their sparse and irregular discharge at normoxia and by their response to hypoxia and NaCN. PO 2 was altered by bubbling the perfusate with gas mixtures of different O 2 concentrations (approximate 15, 8, and 4%) achieving a PO 2 of 100 -110, 55-65, and 35-40 Torr, respectively (Supplemental Table 2 ). The gas mixtures contained a constant fraction of ϳ5% CO 2 (30 -35 mmHg) and a balance of N2.
The stimulus-response characteristics of the CB chemoreceptors were quantified by the equation: DF ϭ a ϩ b/(PO 2 Ϫ c) (44) . The slope coefficient b was used to compare the CB chemoreceptor sensitivity among the groups.
Western blot analysis for AT1 receptor and nNOS. At the end of the study, CBs were rapidly removed and immediately frozen in dry ice and stored at Ϫ80°C for Western blot, ANG II, and NO measurements. The protein was extracted with the lysing buffer (10 mM Tris, 1 mM EDTA, 1% SDS, pH 7.4) plus protease inhibitor cocktail (100 l/ml). Following a centrifugation at 12,000 g for 20 min at 4°C, the protein concentration in the supernatant was determined using a bicinchoninic acid (BCA) protein assay kit (Pierce Chemical, Rockford, IL). The protein sample was mixed with loading buffer containing ␤-mercaptoethanol and heated at 100°C for 5 min. Equal amounts of protein were loaded. Protein was fractionated in a 10% polyacrylamide gel along with molecular weight standards and transferred to polyvinylidene difluoride membrane. The membrane was probed with a mouse anti-AT1 receptor, nNOS antibodies (Santa Cruz), and a peroxidase-conjugated goat anti-mouse IgG (Pierce Chemical, Rockford, IL). The signal was detected using enhanced chemiluminescence substrate (Pierce Chemical), and the bands were analyzed using UVP BioImaging Systems. Protein loading was controlled by probing all Western blots with anti-␤-tubulin mouse antibody (Santa Cruz) and normalizing AT1-receptor or nNOS protein intensity to that of ␤-tubulin.
ANG II concentration in the CB. Tissue homogenate was prepared from CB samples. CB ANG II concentrations were measured by ANG II 125 I radioimmunoassay kit (Buhlmann Laboratories). The final ANG II concentration was counted by 1470 Automatic Gamma Counter (Perkin Elmer, Shelton, CT) and calculated with a standard curve generated for each experiment.
NO concentration in the CB. CB homogenate was prepared in the same manner as described above. NO concentration was determined by the Apollo 1000 NO sensor (WPI, Sarasota, FL). NO probe (ISO-NOPF100, WPI) was calibrated based on a solution of 0.1 M CuCl2 using the NO donor, S-nitroso-N-acetyl-L-penicillamine (SNAP) at concentrations of 5, 25, 50, 100, 200, and 400 nM. The NO concentration in the CB was calculated with this SNAP standard curve and normalized by total protein (BCA protein assay kit, Pierce Chemical, Rockford, IL).
Data analysis. All data are presented as means Ϯ SE. Statistical significance was determined by a two-way ANOVA, with a Bonferroni procedure for post hoc analysis for multiple comparisons. All data were confirmed by the Kolmogorov-Smirnov test to fit reasonably within normal distribution, and equal variance was confirmed by the Levene test. Statistical significance was accepted when P Ͻ 0.05.
A power analysis was conducted to assess whether the sample size was sufficient to ensure P Ͻ 0.05.
RESULTS
Basal hemodynamics and CS activity in experimental groups. Table 1 lists the resting hemodynamic parameters in SED-sham, EXT-sham, SED-CHF, and EXT-CHF groups. The data for each parameter were collated from all rabbits within each group. Measurements were made with the pacer turned off for at least 30 min. Rapid left ventricular pacing induced CHF by the 3rd or 4th week of pacing. CHF significantly enlarged left ventricular weight-to-body weight ratio, left ventricular end-diastolic diameter, and left ventricular end-systolic diameter, and reduced shortening fraction and ejection fraction by 51.3 Ϯ 1.9 and 36.2 Ϯ 1.6%, respectively, from pretreatment baselines in SED rabbits (P Ͻ 0.05, Table 1 ). Previous studies have shown that EXT at similar intensities in paced rabbits does not significantly alter cardiac hypertrophy and dysfunction (26, 30) . In the present study, we observed similar results (Table 1) .
CS activity in the soleus muscle was significantly higher in both EXT groups compared with the SED groups (Table 1) , which indicated a marked effect of EXT. There was no significant difference between EXT-sham and EXT-CHF groups, demonstrating a similar EXT effect in the two groups.
Effect of EXT on renal sympathetic response to the CB chemoreflex in sham and CHF rabbits. In SED rabbits, baseline RSNA at normoxia in the CHF group was elevated compared with that in shams ( Figs. 1 and 2) . Similarly, the isocapnic hypoxia-induced increases in RSNA and slope coefficient (b) were significantly augmented in the SED-CHF rabbits vs. SED-sham rabbits ( Figs. 1 and 2) .
In EXT-sham rabbits, baseline RSNA, the response of RSNA to mild isocapnic hypoxia (Pa O 2 ϳ60 Torr), and slope coefficient were not altered vs. SED-sham rabbits, but the response of RSNA to severe isocapnic hypoxia (Pa O 2 ϳ40 Torr) was reduced compared with that in SED-sham rabbits ( Figs. 1 and 2) .
In EXT-CHF rabbits, baseline RSNA and the RSNA response to both mild and severe hypoxic states were significantly reduced compared with SED-CHF rabbits. Although the baseline RSNA and the reflex response to hypoxia were not reduced to the levels seen in either EXT-sham or SED-sham rabbits ( Figs. 1 and 2) , there was no significant difference in the slope coefficient (b) between EXT-CHF and SED-sham rabbits (Fig. 2B) .
Effect of EXT on CB chemoreceptor activity in sham and CHF rabbits. The baseline CB chemoreceptor activity at normoxia, the afferent response to isocapnic hypoxia, and the slope coefficient (b) were enhanced in SED-CHF rabbits vs. SED-sham rabbits (Figs. 3 and 4) . In EXT-sham rabbits, the baseline afferent nerve discharge at normoxia, the CB chemoreceptor response to hypoxia, and the slope coefficient did not differ from those in SED-sham rabbits (Figs. 3 and 4) . In EXT-CHF rabbits, however, the baseline CB chemoreceptor discharge, the afferent response to hypoxia, and the slope coefficient were markedly reduced compared with those in SED-CHF rabbits and did not differ from those in SED-sham or ETX-sham rabbits (Figs. 3 and 4) .
Effects of S-methyl-L-thiocitrulline and ANG II on CB chemoreceptor activity response to hypoxia in SED-CHF and EXT-CHF rabbits.
In previous studies, our laboratory demonstrated that either 1 M S-methyl-L-thiocitrulline (SMTC) (a specific nNOS inhibitor) or 100 pM ANG II markedly enhanced CB afferent responsiveness to hypoxia in SED-sham rabbits, but are without effect on CB chemoreceptor responses to hypoxia in SED-CHF rabbits (22, 25) . In the present study after EXT, both SMTC and ANG II significantly increased CB chemoreceptor responsiveness to hypoxia in EXT-CHF rabbits (Fig. 5) , which is similar to that shown in SED-Sham rabbits (22, 25) . Additionally, coperfusion of the CB with SMTC and ANG II in EXT-CHF rabbits further elevated the CB chemoreceptor response to hypoxia compared with that by SMTC or ANG II alone (P Ͼ 0.0.5, Fig. 5) .
Expression of nNOS protein and NO level in CB.
Western blot data revealed that the expression of nNOS protein was lower in the CB from SED-CHF rabbits than that from SEDsham rabbits (Fig. 6) . The nNOS protein expression in the CB was not affected by EXT in sham rabbits. In the EXT-CHF rabbits, however, nNOS protein was significantly higher compared with that in the CB from SED-CHF rabbits (Fig. 6) .
The NO concentration in CBs from SED-CHF rabbits was remarkably lower than that from SED-sham rabbits (Fig. 7) , consistent with data from our laboratory's previous study (22) . NO production in the CBs from EXT-CHF rabbits was significantly enhanced compared with that from SED-CHF rabbits but was less than the normal level seen in SED-sham rabbits. NO level was not affected by EXT in sham rabbits (Fig. 7) .
Expression of AT 1 -receptor protein and ANG II concentration in CB.
The expression of AT 1 -receptor protein in CBs from SED-CHF rabbits was significantly increased compared with that from SED-sham rabbits (Fig. 8) . In sham rabbits, EXT did not affect AT 1 -receptor protein in CB. However, the enhancement of AT 1 -receptor protein in the CB from SED-CHF was significantly blunted in EXT-CHF rabbits (Fig. 8) .
The tissue ANG II concentration in the CBs from SED-CHF rabbits was significantly elevated compared with that in SEDsham rabbits (Fig. 8 ). Similar to AT 1 protein, EXT blunted the enhanced ANG II concentration in the CB from CHF rabbits but did not affect the ANG II concentration in CBs from sham rabbits (Fig. 8) .
DISCUSSION
The major findings of this study are that EXT normalizes the exaggerated peripheral chemoreflex function and CB chemoreceptor sensitivity in CHF rabbits. The ability of EXT to prevent alterations in the ANG II/AT 1 -receptor and nNOS/NO signaling pathways in the CB in CHF, confirmed from afferent recordings and protein analyses in the CB after EXT, provides a logical explanation for these results based on our laboratory's previous studies (21, 22, 25, 43, 44) .
EXT can serve as an effective treatment to improve the quality of life and survival rate in patients with CHF (1, 8, 29, 36). However, the mechanisms for these beneficial effects of EXT are not understood. Recent studies have shown that EXT increases cardiac vagal tone and reduces sympathetic outflow in the CHF patients (9, 19) and in CHF rabbits (26, 30) without significant improvement in cardiac function. The ability of EXT to reduce sympathetic outflow is likely a key point toward improving prognosis in CHF. Previously, our laboratory has shown that an enhanced sensitivity of the peripheral chemoreflex contributes to sympathetic activation in CHF, because inhibition of peripheral chemoreceptor activity decreases RSNA in CHF, but not in sham rabbits (43) . In the present study, EXT significantly attenuated the enhanced peripheral chemoreflex function and resting RSNA induced by CHF (Figs. 1 and 2 ). Thus normalization of peripheral chemoreflex function is an important component to the beneficial effects of EXT on sympathetic tone in CHF.
The CBs are a pair of small arterial chemoreceptor organs, which sense blood Pa O 2 , Pa CO 2 , and pH, and reflexly influence cardiopulmonary function via primary afferent fibers in the CSN (11, 12) . Because rabbits lack functional aortic chemoreceptors (2, 45) , the peripheral chemoreflex is attributable mainly to the CBs in this species. Our present study reveals that EXT nearly completely normalizes the exaggerated CB chemoreceptor sensitivity observed in CHF rabbits, in addition to blunting the chemoreflex sympathetic activation. These results confirm our laboratory's previous studies showing an augmented afferent input from CB chemoreceptors is involved in the enhancement of peripheral chemoreflex function in CHF rabbits (22, 25, 44) . Furthermore, these results suggest that EXT protects the CHF rabbits against peripheral chemoreflex dysfunction via maintenance of normal CB chemoreceptor sensitivity.
nNOS/NO is involved in the enhanced CB chemoreceptor sensitivity in CHF rabbits. Our laboratory's previous study found that NOS inhibition (N G -nitro-L-arginine) in the CB increased the baseline discharge of CB chemoreceptors in the normoxic state and the chemoreceptor response to isocapnic hypoxia in sham rabbits, but had very little effect on afferent activity in either condition in CHF rabbits (44) . Conversely, the NO donor, SNAP, inhibited CB chemoreceptor activity to a much greater extent in CHF than in sham rabbits (44) . Furthermore, gene transfer of nNOS (Ad.nNOS) to the CB in CHF rabbits enhanced nNOS protein expression and NO level in the CB and reversed the enhanced CB chemoreceptor activity seen in the CHF state (22) . The specific nNOS inhibitor, SMTC, abolished the effect of Ad.nNOS on CB chemoreceptor activity (22) . Like gene transfer of nNOS to the CB, EXT in the present study also increased nNOS expression and NO level in the CB (Figs. 6 and 7) and normalized the enhancement of the CB chemoreceptor sensitivity in CHF rabbits, which could be reversed by perfusion of the CB with nNOS inhibitor SMTC (Fig. 5 ). These results demonstrate that a marked downregulation of endogenous nNOS and NO level in the CB is involved in the enhanced CB chemoreceptor activity in CHF rabbits and that EXT maintains normal CB function in CHF in part by preventing downregulation of the nNOS/NO signaling pathway in the CB.
We have shown that elevated tissue ANG II and functional AT 1 receptors in the CB also contribute to the augmented chemoreceptor afferent activity in CHF rabbits (25) . Blockade of AT 1 receptors diminished the CB chemoreceptor responses to hypoxia in the isolated CB from CHF rabbits but not from sham rabbits (25) . This effect was associated with elevated CB ANG II concentration and expression of AT 1 receptors in the CB from CHF rabbits (25) . In the present study, EXT decreased ANG II concentration and expression of AT 1 receptors in the CBs from CHF rabbits to the levels found in sham rabbits. Perfusion of the CB with ANG II reversed the effect of EXT to normalize enhanced CB chemoreceptor sensitivity in CHF rabbits. These results, taken together, suggest that EXT prevents the enhanced CB chemoreceptor activity of CHF via preventing upregulation of the ANG II/AT 1 -receptor signaling pathway, as well as preventing downregulation of the NOS/NO pathway in the CB.
Both ANG II/AT 1 receptor and nNOS/NO modulate CB chemoreceptor sensitivity. Our present study suggests that an interaction exists between ANG II and nNOS, because the effects of SMTC and ANG II on afferent responsiveness to hypoxia, although similar, were not summative (Fig. 5 ), but it is not clear how these two signaling pathways interact with each other. Our previous observations have shown that NADPH oxidase-derived superoxide anion mediates the ANG II-enhanced CB chemoreceptor activity in CHF rabbits (21) . ANG II may contribute to depressed bioavailable NO in the CB by suppressing nNOS gene expression (18) and increased scavenging of NO through superoxide anion production (34) . Conversely, the downregulation of NO level in the CB in CHF may act to enhance the effects of ANG II by a reduced inhibitory effect of NO on the NADPH oxidase and superoxide formation (31, 32) , while limiting peroxynitrite formation. It is clear that upregulation of ANG II/superoxide pathways and downregulation of NOS/NO pathways in the CB in CHF have complementary effects on CB chemoreceptor sensitization and that these effects are reversed by EXT in a similar complementary fashion. The relationship among EXT, ANG II/AT 1 receptor-NADPH oxidase-superoxide, and nNOS/NO on CB chemoreceptor function needs further study.
Although the present study demonstrates an important contribution of elevated CB chemoreceptor input to the enhancement of peripheral chemoreflex function in CHF and the contribution of nNOS/NO downregulation and ANG II/AT 1 receptor upregulation in the CB to this effect (22, 25) , previous work from our group has shown a number of other cardiovascular reflex and central neural alterations also contribute to elevated peripheral chemoreflex sensitivity in CHF (38) . Enhanced cardiac sympathetic afferent input augments the peripheral chemoreceptor reflex in CHF, and central ANG II, specifically located in the nucleus tractus solitarius, plays a major role in this reflex interaction (15) . In addition, impairment of NO function within the paraventricular nucleus in CHF rats contributes to an augmented peripheral chemoreflex and subsequent elevation of sympathetic activity in CHF (37) .
Results from the present study indicate that EXT did not completely prevent enhanced peripheral chemoreflex function in CHF rabbits (Fig. 2) , even though EXT maintained normal CB chemoreceptor activity (Fig. 4) . This residual enhancement of CB chemoreflex responsiveness with EXT in CHF is likely to be central in origin and may reflect an interaction with somatic reflexes (41) .
Moderate EXT used in the present study and in similar previous studies (26, 30) did not alter the magnitude or the rate of cardiac dysfunction during pacing. Thus, as often observed in humans (36) , beneficial effects of EXT in CHF are not closely correlated with improved indexes of cardiac function. The peripheral signals that link EXT to restoration of normal CB proteomics and reflex function in CHF remain to be elucidated. Studies by Zucker and colleagues (26, 30) suggest the ability of EXT to suppress the renin-angiotensin system plays a key role.
EXT also has been shown to improve endothelial/vascular function in CHF (16, 20) . We cannot discount the possibility that a reduction in CB blood flow or altered vascular function in the CB may contribute to the altered signaling pathways and enhanced afferent chemoreceptor activity of the CB in CHF. Nevertheless, we have observed changes in K ϩ channel function in isolated CB glomus cells from the CHF state that were directly influenced by pharmacological manipulation of both ANG II/AT 1 receptor and nNOS/NO signaling pathways in the isolated cells (23, 24) . Thus there is evidence to support an effect of ANG II and NO on glomus cell function, independent of the vasculature. An important objective of future studies should address the role of CB vascular function on chemoreceptor sensitivity in CHF.
Even though the present study supports a beneficial effect of EXT on cardiorespiratory control in CHF patients, the results cannot be directly extrapolated to the clinical setting. The constraints of our experimental design do not reflect that normally seen in the clinic. EXT was started at the same time that pacing was initiated to induce CHF, whereas, in the clinic, EXT often is initiated after overt CHF has been diagnosed. Nevertheless, the results from our study and others (26, 30) illustrate that intervention of EXT in early CHF has clear beneficial effects on cardiorespiratory reflexes and sympathetic function that do not rely on improvement in cardiac function per se.
In summary, the present study demonstrates a beneficial effect of EXT on chemoreflex function in CHF. EXT prevents the elevation in CB chemoreceptor discharge observed in CHF and prevents alterations in the ANG II/AT 1 receptor and nNOS/NO signaling pathways in the CB that are responsible for this effect. Perspectives. EXT is recognized as an effective treatment to reduce neurohumoral activation (14) and enhance functional capacity and quality of life (1, 8, 29, 36) in patients with stable CHF. CHF patients typically exhibit a low tolerance for exercise (rapid fatigue) (33, 36) , which is one of the primary symptoms that leads CHF patients to seek medical care. Without discounting other important contributing factors to exercise intolerance in CHF (17, 35) , sensitization of the peripheral chemoreflex in CHF may aggravate intolerance to exercise by intensifying activation of sympathetic outflow to further constrain impaired blood flow to exercising muscle (41) and by intensifying dyspnea due to the exaggerated chemoreflex hyperventilation (4, 6, 7, 28, 33, 42) . Indeed, suppression of the peripheral chemoreflex improves exercise tolerance in CHF patients (5) . The beneficial effect of EXT to reverse exaggerated chemoreflex function, as we have shown here, is likely to be one of the important factors toward lowering neurohumoral activation and promoting higher exercise capacities in CHF patients with improved mobility and quality of life.
